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Targeting of RCC1 to Chromosomes Is Required
for Proper Mitotic Spindle Assembly in Human Cells
complexes formed between cargo proteins carrying
specific targeting signals and transport proteins of the
importin/exportin family [3]. Experiments using Xenopus
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University of Dundee egg extracts have shown an additional role for Ran in
mitotic spindle assembly [4–14]. It has been proposedLevel 5
Ninewells Hospital and Medical School that Ran-GTP generated by RCC1 in the vicinity of chro-
mosomes causes release of spindle assembly factorsDundee DD1 9SY
Scotland from inhibitory complexes with importins [10–12]. A criti-
cal test of this model and its universality is that localiza-United Kingdom
2 Department of Cell Biology and Genetics tion of RCC1 to chromosomes should be important for
mitotic spindle assembly in vertebrate somatic cells.College of Life Sciences
Peking University The localization of RCC1 in mitotic cells has not been
established. Consistent with previous reports [15, 16],Beijing 100871
China we found that detection of RCC1 by immunofluores-
cence was highly dependent on the method of fixation
used; in cells fixed and extracted with methanol/ace-
tone, RCC1 was detected predominantly in the nucleusSummary
of interphase cells and to condensed chromosomes in
mitosis, whereas metaphase chromosomal localizationRan GTPase is involved in several aspects of nuclear
was not observed in cells fixed with formaldehyde (Fig-structure and function, including nucleocytoplasmic
ure 1A). Similar results were obtained by using a differenttransport and nuclear envelope formation [1]. Experi-
primary polyclonal antibody and by using mouse or Xen-ments using Xenopus egg extracts have shown that
opus cells (data not shown). To resolve the mitotic local-generation of Ran-GTP by the guanine nucleotide ex-
ization of RCC1, we expressed a fusion with green fluo-change factor RCC1 also plays roles in mitotic spindle
rescent protein (GFP-RCC1) in human cells. Observationassembly [2]. Here, we have examined the localization
of live transfected cells showed that GFP-RCC1 wasand function of RCC1 in mitotic human cells. We show
entirely nuclear in interphase and localized predomi-that RCC1, either the endogenous protein or that ex-
nantly to chromatin at all stages of mitosis, although thepressed as a fusion with green fluorescent protein
signal dispersed in the cytoplasm did increase during(GFP), is localized predominantly to chromosomes in
metaphase/anaphase (Figure 1B). Like the endogenousmitotic cells. This localization requires an N-terminal
protein, GFP-RCC1 was dispersed specifically from mi-lysine-rich region that also contains a nuclear localiza-
totic chromosomes by formaldehyde (Figure 1C). Thesetion signal and is enhanced by interaction with Ran.
results suggest that, while RCC1 associates with chro-Either mislocalization of GFP-RCC1 by removal of the
matin throughout the cell cycle, the stability of the inter-N-terminal region or the expression of dominant Ran
action changes during mitosis.mutants that perturb the GTP/GDP cycle causes de-
To examine which aspects of RCC1 are responsiblefects in mitotic spindle morphology, including mis-
for its localization, we expressed RCC1 mutants fusedalignment of chromosomes and abnormal numbers of
to GFP in human cells (Figures 2A and 2B). We alsospindle poles. These results indicate that the genera-
purified the proteins expressed in bacteria to determinetion of Ran-GTP in the vicinity of chromosomes by
their guanine nucleotide exchange activity toward RanRCC1 is important for the fidelity of mitotic spindle
(Figure 2C). A Lys-rich region near the N terminus ofassembly in human cells. Defects in this system may
RCC1 binds DNA in vitro [17] and has also been shownresult in abnormal chromosome segregation and ge-
to contain a functional nuclear localization signal (NLS)nomic instability, which are characteristic of many
[18–20]. Indeed, fusion of the N-terminal 27 amino acidscancer cells.
of RCC1 to a chimera of GFP and GST targeted the
protein (GFP-GST[1-27]RCC1) to the nucleus of in-
Results and Discussion terphase cells (Figure 2A). Conversely, when the N-ter-
minal 27 amino acids of RCC1 were deleted, the re-
The activity of the multifunctional GTPase Ran is deter- sulting GFP fusion protein (GFP-27-RCC1) localized in
mined by its guanine nucleotide-bound state and its the cytoplasm as well as the nucleus of the interphase
local concentration [1, 2]. During interphase, Ran-GTP cells, as expected from previous reports and consistent
is generated in the nucleus by RCC1, a chromatin-bound with a defect in nuclear import [18, 19]. However, the
guanine nucleotide exchange factor, whereas RanGAP1, size of the GFP-27-RCC1 fusion protein (75 kDa) is
a GTPase-activating protein, stimulates GTP hydrolysis likely to exclude diffusion through nuclear pores and
by Ran in the cytoplasm. The high concentration of Ran- suggests that there is an additional nuclear import
GTP in the nucleus determines the directionality of nu- mechanism [18, 19].
clear transport by controlling the stability of specific GFP-RCC1D182A (mutation of Asp182 to Ala) has a lower
affinity for Ran, and its activity as a guanine nucleotide
exchange factor is reduced [21]. By contrast, removal3 Correspondence: paul.clarke@cancer.org.uk
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Figure 1. Localization of RCC1 in Interphase
and Mitosis
(A) Endogenous RCC1 detected by indirect
immunofluorescence in interphase (left pan-
els) and mitotic (right panels) HeLa cells fixed
with methanol/acetone or formaldehyde.
(B) GFP-RCC1 localization in living unfixed
HEK 293 cells through mitosis.
(C) GFP-RCC1 localization in interphase (left)
and mitotic (right) HeLa cells fixed with meth-
anol/acetone or formaldehyde or left unfixed.
DNA was stained with DAPI in fixed cells and
with Hoechst 33342 in unfixed cells. The
same mitotic cell is shown before and imme-
diately after the addition of formaldehyde.
of the N-terminal 27 amino acids did not affect the nucle- 27-RCC1D182A, with no cells showing concentration of
the protein on chromosomes (Figure 2B).otide exchange activity of the protein (Figure 2C), which
was as expected since this region is not part of the core To compare the localization of Ran with that of RCC1,
we expressed GFP fusions with wild-type Ran, RanT24N,structure of the protein and is located on the opposite
side of the molecule from the Ran binding interface [22]. or RanQ69L in human cells (Figure 3). RanT24N is deficient
in nucleotide binding and interacts stably with RCC1,We found that GFP-RCC1D182A localized to the nucleus
in interphase cells, but the double mutant that lacks the thereby inhibiting guanine nucleotide exchange activity
and the generation of Ran-GTP. Conversely, RanQ69L isN-terminal region and also has reduced affinity for Ran
(GFP-27-RCC1D182A) was excluded from the nucleus in defective in GTP hydrolysis and is locked in the GTP-
bound state [23]. In living interphase cells, GFP-Ranall transfected cells (Figure 2A); this exclusion indicates
that interaction with Ran is involved in the import or and GFP-RanT24N were localized predominantly to the
nucleus, as expected. By contrast, GFP-RanQ69L wasretention of nuclear RCC1 by a mechanism that is inde-
pendent of the N-terminal NLS. present in the cytoplasm as well as the nucleus, proba-
bly because its nuclear import is defective due to anIn mitotic cells, GFP-RCC1D182A localized mainly to
chromosomes like wild-type GFP-RCC1 (Figure 2A), al- inability to interact with p10/NTF-2 [24, 25]. In some
cells, GFP-RanQ69L localized to speckles on the nuclearthough the proportion of cells exhibiting a more diffuse
localization was increased (Figure 2B), indicating that periphery, which is likely to represent a stable interaction
between GFP-RanQ69L and nuclear pore complexes. Inthe association of RCC1 with chromosomes is promoted
by interaction with Ran. A more dramatic effect was living mitotic cells, GFP-Ran was dispersed throughout
the cell, whereas GFP-RanT24N was concentrated onseen with GFP-27-RCC1, which was released from the
chromosomes in the majority of mitotic cells. However, mitotic chromosomes. In most metaphase cells, GFP-
RanQ69L showed a dispersed distribution similar to wild-the first 27 amino acids of RCC1 did not target GFP-
GST to chromosomes (Figure 2A). Therefore, this region type Ran-GFP, but occasionally a distinct spindle local-
ization was apparent in fixed cells, suggesting a stableis necessary, but not sufficient, for the localization of
RCC1 during mitosis. Dispersal of the GFP fusion protein interaction with Ran-GTP binding proteins such as
RanBP2 present on the spindle [26].during metaphase was even more apparent with GFP-
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Figure 2. Mutations Disrupt the Localization of RCC1
(A) Localization of GFP-RCC1 and mutants in living unfixed HEK 293 cells in interphase and mitosis.
(B) The effect of mutation on chromosomal localization of GFP-RCC1 in mitotic HEK 293 cells. Cells expressing GFP fusions with either wild-
type (WT) or mutant RCC1 were fixed with methanol/acetone, stained for DNA with DAPI, and immunostained for tubulin. Mitotic cells were
categorized according to their GFP localization with respect to chromosomes. Approximately 100 mitotic cells were counted in each case,
and the numbers are expressed as percentage.
(C) Guanine nucleotide exchange activity of GFP-RCC1 and mutants. GST-Ran (1 M) was loaded with [3 H]-GTP and was incubated with
GDP and the indicated concentration of GFP-RCC1 or mutants for 5 min. [3 H]-GTP that remained bound to Ran was detected by filter binding
and scintillation counting.
Figure 3. Localization of Ran Proteins
(A and B) GFP-Ran, GFP-RanT24N, and GFP-
RanQ69L localization in (A) living unfixed or (B)
methanol/acetone-fixed interphase (left pan-
els) or mitotic (right panels) HeLa cells. DNA
was stained with Hoechst 33342 in unfixed
cells and DAPI in fixed cells.
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Figure 4. Effects of RCC1 or Ran Proteins on Mitotic Spindle Morphology and Chromosome Alignment
Mitotic HEK 293 cells expressing GFP fusion proteins were categorized by chromatin condensation and microtubule morphology. An example
of the tubulin/DNA staining and GFP fusion localization is shown for each phenotype. For each GFP fusion, the percentage of cells exhibiting
that phenotype is shown; note the differences in scale for each bar chart. The total numbers of mitotic cells examined were 94 untransfected,
127 expressing RCC1, 97 RCC1D182A, 88 27-RCC1, 44 27-RCC1D182A, 95 Ran, 52 RanT24N, and 21 RanQ69L.
During these studies, we noticed that mitotic cells condensed chromatin, but surrounded by intense micro-
tubule staining, suggesting an arrest in prophase andexpressing GFP-RanT24N or GFP-RanQ69L were much less
frequent than cells expressing control GFP constructs, the promotion of cytoplasmic microtubule assembly.
While Ran is dispersed in cells during mitosis, localiza-which is consistent with the inhibitory effects of Ran
mutants on cell cycle progression [27]. While expression tion of RCC1 is likely to generate Ran-GTP specifically in
the vicinity of chromosomes, as in Xenopus egg extractsof GFP-RCC1 proteins had little effect on the occurrence
of mitotic phenotypes, mitotic cells expressing GFP- [14]. We show that perturbation of this localized signal
either by suppression of endogenous RCC1 activity on27-RCC1, like those expressing GFP-RanT24N or GFP-
RanQ69L, exhibited higher frequencies of abnormal phe- chromosomes by RanT24N or by ectopic generation of
Ran-GTP in the cytoplasm through expression of mislo-notypes and less cells in anaphase/telophase, and this
suggests a defective progression through mitosis (Fig- calized RCC1 or RanQ69L, disrupts mitotic spindle assem-
bly in human cells. In previous experiments in which aure 4). One striking result of either expression of GFP-
RanQ69L or GFP-RCC1 mislocalization by deletion of the mutagenized rodent cell line with a temperature-sensi-
tive mutation in RCC1 (tsBN2) was used, spindle defectsN-terminal region was an increase in the number of
mitotic cells with multipolar spindles. This is consistent were not observed at the restrictive temperature [28].
However, sufficient Ran-GTP may remain in these cellswith increased levels of Ran-GTP distal to chromosomes
causing aberrant centrosome duplication or microtubule for spindle assembly, possibly generated by residual
guanine nucleotide exchange activity or the guaninenucleation. There was also an increased frequency of
mitotic cells with no organized spindle (either a single nucleotide destabilization factor, Mog1 [29]. Our results
highlight the importance of the localization of compo-aster or disorganized microtubules). Surprisingly, GFP-
27-RCC1D182A caused defects similar to GFP-27- nents of the Ran system during mitosis. Together with
studies showing a requirement for Ran during mitosisRCC1, suggesting that the small amount of activity that
the D182A mutant still possesses is enough to disrupt in C. elegans [30, 31], and the effects of microinjection
[11] or overexpression [16] of Ran-interacting proteinsspindle assembly when mislocalized or that it has an-
other dominant effect. in mammalian cells, they suggest a conserved function
for localized concentrations of Ran-GTP in the fidelityAnother mitotic defect resulting particularly from GFP-
RanT24N or GFP-RanQ69L expression was an increased fre- of spindle assembly in cells with an open mitosis. De-
fects in this system could promote the generation ofquency of bipolar spindles with chromosomes not
aligned properly, indicating that inhibition of chromo- chromosome breaks and aneuploidy that characterize
many cancer cells [32].somal RCC1 or stable Ran-GTP expression in the cyto-
plasm inhibits chromosome congression in metaphase.
Experimental ProceduresThe frequency of this phenotype was only modestly in-
creased by mislocalized RCC1, which may indicate the
Expression of GFP Fusion Proteins
sufficiency of endogenous RCC1 concentrated on chro- The coding sequence of human RCC1 was amplified by RT-PCR
mosomes. Expression of mislocalized RCC1 or any of from U2OS cDNA and was cloned as an XhoI/PstI fragment in pEGFP
(Clontech) for transient expression in human cultured cells. Thethe Ran constructs also produced cells with partially
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GFP-27-RCC1 construct was produced by introducing a second 5. Kalab, P., Pu, R.T., and Dasso, M. (1999). The Ran GTPase
regulates mitotic spindle assembly. Curr. Biol. 9, 481–484.XhoI site by site-directed mutagenesis (QuikChange; Stratagene)
and excision of the XhoI/XhoI fragment. The D182A point mutant 6. Ohba, T., Nakamura, M., Nishitani, H., and Nishimoto, T. (1999).
Self-organization of microtubule asters induced in Xenopus eggwas also generated using QuikChange. Human Ran, RanT24N, and
RanQ69L cDNAs were PCR amplified from pGEX constructs [24] and extracts by GTP-bound Ran. Science 284, 1356–1358.
7. Wilde, A., and Zheng, Y. (1999). Stimulation of microtubule asterwere cloned as XhoI/KpnI fragments in pEGFP.
To obtain purified GFP-RCC1 protein, the coding sequence was formation and spindle assembly by the small GTPase Ran. Sci-
ence 284, 1362–1365.cloned as an NdeI/BamHI fragment in pET28 for expression in E.
coli BLR(DE3). Cells were grown at 37C until OD600  0.5, and 8. Zhang, C., Hughes, M., and Clarke, P.R. (1999). Ran-GTP stabi-
lises microtubule asters and inhibits nuclear assembly in Xeno-expression of N-terminal 6xHis-tagged protein was induced at 0.1
mM IPTG for 12 hr at 20C. Proteins were purified by nickel agarose pus egg extracts. J. Cell Sci. 112, 2453–2461.
9. Carazo-Salas, R.E., Gruss, O.L., Mattaj, I.W., and Karsenti, E.affinity chromatography.
(2001). Ran-GTP coordinates regulation of microtubule nucle-
ation and dynamics during mitotic-spindle assembly. Nat. CellNucleotide Exchange Assays
Biol. 3, 228–234.RCC1 exchange assays were carried out as described previously
10. Gruss, O.J., Carazo-Salas, R.E., Schatz, C.A., Guarguaglini, G.,[29]. Briefly, GST-Ran was loaded with [3 H]-GTP and was incubated
Kast, J., Wilm, M., Le Bot, N., Vernos, I., Karsenti, E., and Mattaj,at a final concentration of 1 M with the given concentration of
I.W. (2001). Ran induces spindle assembly by reversing the in-GFP-RCC1 or GFP-RCC1 mutants in the presence of unlabeled GDP
hibitory effect of importin  on TPX2 activity. Cell 104, 83–93.for 5 min at 21C. Reactions were filtered through nitrocellulose,
11. Nachury, M.V., Maresca, T.J., Salmon, W.C., Waterman-Storer,and [3 H]-GTP that remained bound to Ran on the filters was detected
C.M., Heald, R., and Weiss, K. (2001). Importin  is a mitoticby scintillation.
target of the small GTPase Ran in spindle assembly. Cell 104,
95–106.
Cell Culture 12. Wiese, C., Wilde, A., Moore, M.S., Adam, S.A., Merdes, A., and
HeLa or HEK 293 cells grown in Dulbecco’s modified Eagle’s me- Zheng, Y. (2001). Role of importin- in coupling Ran to down-
dium containing 10% FCS, 2 mM glutamine and penicillin/strepto- stream targets in microtubule assembly. Science 291, 653–656.
mycin were transfected with 5 g plasmid DNA by using a lipid 13. Wilde, A., Lizarraga, S.B., Zhang, L., Wiese, C., Gliksman, N.R.,
transfection reagent (Qiagen). GFP expression was observed in mi- Walczak, C.E., and Zheng, Y. (2001). Ran stimulates spindle
totic cells 2–3 days after transfection. Where stated, cells were fixed assembly by altering microtubule dynamics and the balance of
in formaldehyde by the addition of a 10% solution (freshly prepared motor activities. Nat. Cell Biol. 3, 221–227.
from paraformaldehyde in PBS) directly to the growth medium (3% 14. Kalab, P., Weis, K., and Heald, R. (2002). Visualization of a Ran-
final concentration). Cells were incubated at room temperature for GTP gradient in interphase and mitotic Xenopus egg extracts.
10 min, then permeabilized in 0.2% Triton X-100 for 2 min. To fix Science 295, 2452–2456.
with methanol/acetone, cells were treated with a 1:1 solution on ice 15. Azuma, Y., Hachiya, T., and Nishimoto, T. (1997). Inhibition by
for 20 min. Other cells were fixed with 0.5% glutaraldehyde in PHEM anti-RCC1 monoclonal antibodies of RCC1-stimulated guanine
buffer at room temperature for 10 min. Endogenous RCC1 was nucleotide exchange on Ran GTPase. J. Biochem. 122, 1133–
detected by a rabbit polyclonal antibody directed against residues 1138.
19–176 of human RCC1 (Transduction Laboratories), followed by 16. Guarguaglini, G., Renzi, L., D’Ottavio, F., Di Fiore, B., Casenghi,
anti-rabbit IgG secondary antibody coupled to FITC (DAKO). Micro- M., Cundari, E., and Lavia, P. (2000). Regulated Ran-binding
tubules were stained with monoclonal anti--tubulin conjugated to protein 1 activity is required for organization and function of
Cy3 (C-4585, Sigma) diluted 1:100 in PBS  0.1% FCS, and DNA the mitotic spindle in mammalian cells in vivo. Cell Growth Differ.
was stained with DAPI (1 g/ml) in PBS. Live cells were stained with 11, 455–465.
1 g/ml Hoechst 33342. Cells were visualized on a Zeiss Axiovert 17. Seino, H., Hisamoto, N., Uzawa, S., Sekiguchi, T., and Nishi-
inverted microscope using a Hamamatsu Orca camera, and images moto, T. (1992). DNA-binding domain of RCC1 protein is not
were processed with Improvision Openlab and Adobe PhotoShop essential for coupling mitosis with DNA replication. J. Cell Sci.
software. 102, 393–400.
18. Nemergut, M.E., and Macara, I.G. (2000). Nuclear import of the
Ran exchange factor, RCC1, is mediated by at least two distinctAcknowledgments
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